Studies of ion bombardment in high density plasmas containing CF 4
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We report ion energy distributions, relative ion intensities, and absolute total ion current densities at
the grounded electrode of an inductively coupled Gaseous Electronics Conference radio-frequency
reference cell for discharges generated in purg,Cénd in CR:Ar and CF:0,:Ar mixtures.
Abundant ionic species, including secondary ions such as @@ COF , were observed and their
implications are discussed.[S0734-210099)03204-3

[. INTRODUCTION pump and the GEC cell. The flow was maintained by mass
flow controllers at 7.45umole/s (10 sccm for all of the
experiments reported here.

‘ ; . The discharge is generated by applying a 13.56 MHz volt-
chamber cleaning processes when mixed with oxyg&o. age to the coil in the upper electrode through a matching

efficiently perform these functions, a h|.gh-_c_len5|t.y, low- network. The rf power values presented in this article are the
pressure plasma source that produces a significant ion flux Is

required® While the production of neutral and radical speciesnet power to th(_a matchm_g network driving the coil. The
in CF,, high-density, inductively coupled plasmas has bee actual rf power dissipated in the plasma has been determined

; o )
studied in significant detalff;® there is little known concern- qo be approximately 80% of the power listetiThe lower
electrode was grounded to the vacuum chamber.

ing the composition, magnitude, and energy of the ion flux The | i < th h d
striking the surfaces exposed to these discharges. Several € lon sampling arrangement is the same as that used to

studies have been performed related to the ion flux generatet!dY mtl:ifctlvely coupled plasmas generated in A1, R,
in low-density C; plasmag-° but only one study has been @nd Cb.™" lons are sampled through a 1n diam orifice in
published for a high density sourd®. az2.5um th|ck_ nickel foil that was spo_t welded into a small
In this article we present mass analyzed ion-energy districounter bore in the center of thg st_alnless steel lower elec-
butions (IEDs) and ion flux densities measured by a com-trode. The mass spectrometer with ion energy analyzer used
bined ion energy analyzer-mass spectrometer that sampl&§'e is the same instrument used to measure ion-energy dis-
plasma ions through an orifice in the lower electrode of aributions in a capacitively coupled GEC rf reacfoand in
high-density, inductively coupled Gaseous Electronics Conhigh pressure dc Townsend discharfeBor IED measure-
ference (GEC) radio-frequency(rf) reactor. Data are pre- Mments, the ions that pass through the orifice are accelerated
sented for plasmas generated in purg C&hd in mixtures of and focused into a 45° electrostatic energy selector. After
CF, with argon and oxygen. It is shown for these high-being selected according to their energy, the ions enter a
density plasmas containing ¢Ehat mass analysis of the ion quadrupole rf mass filter where they are also selected accord-
flux is essential since many ions exhibit significant abun-ing to their mass-to-charge ratio(z). The resolution of the
dances. This is unlike many low density, capacitivelyelectrostatic analyzer was fixed at a value of 1 eV, full width
coupled, Ck plasmas where the GFion often accounts for at half maximum, and the uncertainty in the energy scale is
the vast preponderance of the ion flux. estimated to bet1.0 eV.
Past experience with the ion-energy analyZéndicates
that the ion transmission is uniform over the ion energy
ranges observed here. The mass spectrometer was tuned such
Il. EXPERIMENT that the ion transmission was nearly constant over the range
of ion masses detected hefe2—80 U, however, a transmis-
as_ion correction factdf was applied to the highest mass ions
(mass>40 u) to compensate for some decrease in ion trans-

Carbon tetrafluorid¢CF,) is a commonly used gas for the
plasma etching of Si and SjOsurfaces, and for plasma

Plasmas were generated in a GEC rf reference réacfor
whose upper electrode was modified to house a five-turn pl
nar rf-induction coil behind a quartz window to produce in- \" > i "
ductively coupled dischargd.The reactor, along with the MiSSion with increasing mass. .
ion-energy analyzer and mass spectrometer, are shown sche-FOr total ion current measuremertise,, all ion current
matically in Fig. 1. The feed gas enters the cell through on@@ssing through the sampling orificéne ion optic elements
of the 2.75 in. side flanges and is pumped out through the 8t the front of the ion-energy analyzer were biased such that
in. port attached to the turbomolecular pump. The gas predh€ current passing through the sampling orifice was col-

sure is maintained by a variable gate valve between th¥cted on the extractor elemefihe first ion optic element
behind the electrode surfgceand was measured by an elec-

3Electronic mail: james.olthoff@nist.gov trometer. The total ion curref(tiux) measurements exhibited
YElectronic mail: yicheng.wang@nist.gov a scatter of +20% for plasmas with the same pressure,

1552  J. Vac. Sci. Technol. A 17 (4), Jul/Aug 1999 1552



1553 J. K. Olthoff and Y. Wang: Studies of ion bombardment in high density plasmas 1553

T Field-free 0.6

drift region

a
—~15]@ ‘o
g (&)
5-turn coil \'\ —— Quartz window <\(
/ 1.01
- E
Stainless steel electrode \\ 7] /0.01nmm ; 1 5 E‘) -
ure =] wp® T
Electron impact source o i 05 ] @] 5 L
(for RGA operation) \\T‘_ﬁﬂ_’%-‘_ﬂ: c . +O . (&) 8
—Z 5 ol S 1l
Stainless steel tube ——_| = Extractor ~ 0.0 — NN I R
’:\ :\ 10 20 30 40 50 60 70 80
I I Mass (u)

| (b)

lon optics
——CF,

Electrostatic
Analyzer

n
il
1‘8 | 20 2

0.0 L i i e e
] M 10 12 14 16
L\ﬁ_v—‘ Turbo lon Energy (eV)

0.4
——GCF,

—o— COF"

+

024 ——CF

lon gauge port —o—CO"

IED (mA/cm®/eV)

Detector

pump

Fic. 2. (a) Mass spectrum of ions striking the lower electrode in the GEC

Quadrupole mass spectrometer cell from a 200 W, 1.33 Pa, GRlischarge(b) lon energy distributions of
the five dominant ions produced in the Oflasma. The absolute flux den-
Conversion dynode sity of individual ion species was obtained by normalizing the total counts

of the mass scan to the total current measured through theriorifice.

Fic. 1. Schematic diagram of the inductively coupled GEC rf reference
reactor with the ion-energy analyzer and mass spectrometer appended to the

modified lower electrode. ) ) o ) )
ponent of the ion flux is significant for industrial reactors

which always contain a substantial amount of wdthre to
power, and gas composition, most likely due to changes imhe introduction of wafers into the chambend oxidized
surface conditions near the sampling orifice. The absolut@luminum surfaces.
intensities of the measured IEDs were scaled to the measured While CF; is the dominant ion observed in this F
values of the total ion current. The ion flux densities pre-plasma, the four next most abundant ions exhibit intensities
sented here were determined by dividing the total measuregith magnitudes of approximately 20% of the intensity of
ion current by the area of the 10m diam sampling hole. CF]. This is in contrast to previous studies of ions produced
The diameter of the sampling orifice was verified by obserin low-density, Chk plasmas in capacitively coupled
vation under a high powered microscope, and was detefreactors, ° where CE is often the dominant ion by a factor

mined to be within5% of the stated diameter. of 10 or more. For the plasma studied hereg Gecounts for
barely half of the total ion flux.
lll. RESULTS AND DISCUSSION The IEDs of the five most abundant ions seen in F{g) 2

A Pure CF are presented in Fig.(B). All IEDs display a single narrow

' 4 peak, with approximately the same width and peak position,

Figure Za) shows a mass spectrum of the ions producedndicating that all ions originate from the bulk plasma. These

in a pure Clz plasma at 1.33 P&LO mTorp and 200 W that |EDs are similar to those measured from high density plas-
strike the grounded electrode. £ the dominant ion, buta mas in argort
significant contribution is observed from €Fand CF The plasma potentials, which correspond to the mean en-
(CF; is unstablg These ions are expected to result prima-ergies of the measured |IEDs, are shown in Fig. 3 as a func-
rily from direct electron-impact ionization of GF which is  tion of pressure for discharges in pure Ar, LFand a
consistent with a low degree of dissociation of the,@#ed 50%CF,:50%Ar volume mixture at 200 W. For all three
gas under these conditiohs.Secondary ions, particularly cases, the plasma potential decreases with increasing pres-
O-containing ions, resulting from ion-molecule or ion- sure, indicating lower electron energies at higher discharge
surface interactions are also present in the plasma. The sepressures. The plasma potential for purg, @ higher than
ondary ion exhibiting the largest ion flux is observed to bethat for Ar by about 2.5 eV at all pressures, indicating higher
CO", which has an intensity comparable to JCFPossible mean electron energies in gFconsistent with previous ob-
sources of the oxygen are from water desorbed from theervations of higher electron energies in plasmas containing
interior surfaces of the reactor and O liberated from theelectronegative gasé8This effect is significantly reduced in
oxide-covered metallic electrode or quartz window surfacesthe CF:Ar mixture where the plasma potentials are nearly
The fact that oxygen-containing ions are a significant comidentical to those measured in argon.
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Fic. 3. Plasma potentials, determined from the mean energies of the me&i¢: >- Mass analyzed ion flux striking the lower electrode of 200 W-6F
sured IEDs, as a function of pressure for plasmas generated in pure arg(g)ﬁasmas at 1.3 Pa as a function of gas composition.
(O), pure CR (X), and a 50/50 mixturé]).

The total ion flux and fluxes of the component ions are
shown in Fig. 4b) as a function of plasma input power for
the same mixture at 1.3 Pa. The total ion flux and the fluxes

Figure 4a) shows the total ion flux and the fluxes of of component ions all increase with increasing input power
component ions for an inductively coupled plasma sustaine¢rom 100 to 300 W. While the C:Fflux dominates at 100 W,
in a 50%Cl:50%Ar volume mixture at 200 W as a function the intensities of Af and CE are comparable at 300 W. It
of gas pressure. The magnitude of the total ion flux exhibitgs interesting to note that the §Flux increases at a slower
a slight downward trend as the pressure increases above 0.p4ce with power than the total ion flux, while the flux of the
Pa(5 mTor, in contrast to that observed in pure Ar and in secondary CO ions increases more rapidly than the total
mixtures of argon with @and Cb.'* The dominant ion de-  fjyx.
tected from the mixture is Ar at the lowest pressure and is Figure 5 shows the total ion flux and the fluxes of com-
CF; at higher pressures. The decreasing Alux and cor-  ponent ions in a CEAr mixture as a function of the percent-
responding increase in GFflux with increasing pressure age of CF in the mixture by volume at 1.3 Pa and 200 W.
may be partly due to the dissociative charge transfer reactiomhe total ion flux decreases when £ added to the pure
involving Art and CR. The cross section for this reaction is Ar plasma and continues to decrease as the percentage of
large at ion energies common to the glow region of the disCF, in the mixture increases. This general decrease can be
charge (-100x 10" m? at 0.1 e\}."” attributed to the decreasing plasma density due to increasing
electron attachment to GF It is interesting to note that the
Ar" ion flux decreases by a factor of 3 from 25% 6

B. CF4:Ar mixture

S 10? (a) 75% CF, in the mixture, approximating the net decrease of
§ Lo e . e the neutral argon concentration in the plasma. However, the
c . . oo fluxes of all ions originating from Cjexhibit little change in
VAL j:jfff absolute or relative intensities as the ,Cpercentage in-
T 9745&- - cor creases from 25% to 100%. This observation may have im-
s | X%%@ o plications in optimizing reactive plasmas as the reactive ion
T 04— , ‘ : — species cannot be readily increased by increasing the concen-
o 1 2 3 4 5 6 tration of CF, in the plasma.

Pressure (Pa) The ion-energy distributions of Ar, CF;, CF;, and
— 105 JR— ©) CF' obtained under the same conditions as in Fig. 5 are
£ 7 -« shown in Fig. 6. As can be seen in Fig. 6, the IEDs fogﬁjCF
?E,; { e ://h o CF,, and CF are similar and vary little in shape as the CF
£ 14 & ® vy percentage changes. The plasma potential, as exhibited by
5 '/Eé :2:2;. the energies corresponding to the peaks of the IEDs, in-
“C' % -v-oF; creases with increasing percentage of, C&gain indicating
20.14 Amen that the mean electron energies increase as more electron

100 150 200 250 300 350 400 attaching gas is introduced into the plasma.
Power (W)
C. CF;:0,:Ar mixture
Fic. 4. Mass analyzed ion flux striking the lower electrode measured for a . e .
plasma in a 50%Ar:50%GFmixture () as a function of pressure afio) as Figure 7 shows the total ion flux and the fluxes of com-

a function of power. ponent ions measured in an 80%CHF% 0;:10%Ar plasma
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and F~ are also considerably higher than those observed in

@CF' 509 5% (b) OF,’ ; : :
06 75% pure CR or CF;:Ar mixtures. The flux of F ions is ob-
5% | 100% served to decrease by more than a factor of 2 as the discharge
0.4 0.14 / . .
5% pressure increases from 0.34 to 1.3 Pa, although the total ion
02 \ flux changes by less than 20% in the same range. This rapid
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drop of F flux and the associated increase in;Clux may
be attributed to the fast charge transfer reaction involvifng F
and CR.?! CF; is the only ion that shows a significant
increase with increasing pressure.

IV. CONCLUSIONS

In general, the number of ionic species observed in the
high density plasmas studied here significantly exceed those
observed in low density plasmas generated in capacitively

Fic. 6. lon energy distributions for four significant ions sampled from 200 cOupled reactors. Additionally, we have observed substantial
W, 1.3 Pa CE:Ar plasmas as a function of gas composition.

fluxes of secondary ions, such as €@nd COF, resulting
from reactions within the cell during GFplasmas. These
ions are of comparable intensity to some of the, Gfns that

at 1.3 Pa(10 mTorp and 300 W as a function of gas pres- result from direct electron-impact, dissociative ionization of
sure. This gas mixture is similar to those used in plasmaF,. In particular, 10 ionic species of significant intensity
chamber cleaning applicatioAsVhile many cleaning pro- were observed in a GFEO,:Ar plasma. An understanding of
cesses are neutral driven, the flux of ions influences théow these ions are produced, destroyed, and influence sur-
cleaning rate. Figure 7, which shows 10 ionic species oface reactions is essential to fully understand and ultimately
significant intensities, amply demonstrates the complexity otontrol these plasma processes.

ion-molecule or ion-surface interactions in a plasma involv-
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